A new automated approach to the high-accuracy registration of airborne and terrestrial LiDAR data is proposed, which has three primary steps. Firstly, airborne and terrestrial LiDAR data are used to extract building corners, known as airborne corners and terrestrial corners, respectively. Secondly, an initial matching relationship between the terrestrial corners and airborne corners is automatically derived using a matching technique based on maximum matching corner pairs with minimum errors (MTMM). Finally, a set of leading points are generated from matched airborne corners, and a shiftable leading point method is proposed. The key feature of this approach is the implementation of the concept of shiftable leading points in the final step. Since the geometric accuracy of terrestrial LiDAR data is much better than that of airborne LiDAR data, leading points corresponding to anomalous airborne corners could be modified for the improvement of the geometric accuracy of registration.
Introduction
Light detection and ranging (LiDAR), as a measuring means of acquiring three-dimensional data, is able to provide detailed and accurate irregular point clouds of object surfaces [1] . A variety of LiDAR techniques have emerged, and LiDAR data are often acquired from various platforms, for example airborne [2, 3] , mobile [4, 5] and terrestrial platforms [6, 7] . Acquiring data from a side view, terrestrial LiDAR can obtain detailed facade information of objects at relatively high resolution. However, its scanning range is limited, and the top information of objects is usually missing [8] . Conversely, airborne LiDAR obtains data from a top view, where there is abundant top information; however, the facade and side information is limited, and the spatial resolution is relatively low. Considering the advantages and disadvantages of the data collected from these two platforms, their integration has become inevitable [9] . In recent years, a growing amount of research has focused on the integration of these two datasets for various applications, e.g., topographic mapping [10] , geological exploration [11] , forest research [12] , hydrologic survey [13] , 3D reconstruction [14] and virtual reality [15] .
In order to combine airborne and terrestrial LiDAR data for certain applications, the registration of these two datasets is required. However, huge differences exist between them. In particular, compared with airborne LiDAR data, terrestrial LiDAR data have the following characteristics. (1) Higher geometric positioning accuracy: in general, the horizontal and vertical positional accuracy of airborne LiDAR data collected by common commercial systems is around the decimeter level; however, terrestrial LiDAR can achieve geometric positioning accuracy up to the millimeter level. (2) Higher spatial resolution: hundreds (or even thousands) of meters away from objects, the resolution of airborne LiDAR data is at the meter or decimeter level; terrestrial LiDAR data can achieve much higher spatial resolutions within tens of meters away from objects. (3) Different point of view: because airborne LiDAR obtains data from a top view, it includes more top information and less side information; conversely, terrestrial LiDAR obtains data from a horizontal or a bottom view, resulting in detailed side information and relatively little top information. Thus, it is difficult to achieve automatic registration of high geometric accuracy between these datasets, owing to the various differences between them.
In this study, a new approach is proposed for the automatic registration of two-platform LiDAR data in environments characterized by dense buildings, where building features, especially building corners, are used. The proposed approach primarily consists of the following steps. (1) Extraction of building corners from airborne LiDAR data (referred to as airborne corners) and terrestrial LiDAR data (known as terrestrial corners): building contours are derived from airborne LiDAR data and terrestrial LiDAR data, respectively; building corners are extracted through the intersection of the obtained contours. (2) Initial matching of the airborne and terrestrial corners: a matching technique based on maximum matching corner pairs with minimum errors, referred to as MTMM, and in which conjugate airborne and terrestrial corners are found, is introduced in this study. ( 3) The shiftable leading point method for the improvement of the geometric accuracy of registration: terrestrial corners are used as referenced data, and leading points are generated from airborne corners; a shiftable leading point method is proposed to shift the leading points from their original positions to their corresponding terrestrial corners. Note that an airborne point cloud is taken as a rigid body, and single airborne corners are not moved from the airborne point cloud. Then, the shifted leading points are registered with the terrestrial corners, leading to the final registration of LiDAR data from two platforms.
The key objective of this approach lies in the shiftable leading point method for the improvement of the geometric accuracy of registration. Due to following reasons, the extracted airborne corners may be of relatively low geometric accuracy and include numerous anomalous corners: (1) the accuracy of airborne footprints may vary due to the range error, GPS locating error, INS attitude error, etc.; (2) due to the large average point spacing, actual building contours may be located between two neighboring scan lines, on the base of which the extracted building contours will deviate; (3) constrained by algorithms for extracting building contours and corners, errors may exist more or less. Compared with airborne corners, the terrestrial corners are of relatively high accuracy with extremely few anomalous corners. Based on the above consideration, it is a problem to combine the large amount of airborne corners of low geometric accuracy with anomalous corners and the few terrestrial corners of high geometric accuracy for a high accuracy registration. During a registration procedure, the registration accuracy is influenced by the amount, distribution and geometric accuracy of conjugate features. When faced with few conjugate features, it is not feasible to filter the features for the inliers, e.g., the RANSAC (random sample consensus) algorithm [16] , which may do great harm to the distribution of the original features. RANSAC is an iterative method to estimate the parameters of a mathematical model from a set of observed data that contains outliers. The basic assumption of RANSAC is that the sample contains correct data (inliers, i.e., data whose distribution can be explained by some set of model parameters) and abnormal data (outliers, i.e., data that do not fit the model). To address above problems, in this paper, a shiftable leading point method is proposed. High accuracy terrestrial corners are used as referenced data, and leading points are generated from airborne corners. The basic idea of this method is to eliminate the inner relative error of anomalous leading points according to the terrestrial corners through an iterative shifting procedure. In this way, the general distribution of conjugate features is retained with relatively high accuracy.
Related Work

Review on Registration of LiDAR Data from the Same Platform
In recent years, registration of LiDAR point clouds has drawn increasing attention. Related studies can mainly be grouped into two aspects: (1) registration of multi-scan terrestrial LiDAR data; and (2) strip registration of airborne LiDAR data.
Registration of Multi-Scan Terrestrial LiDAR Data
In the registration of multi-scan terrestrial LiDAR data, two main approaches can be found based on the utilized features, i.e., range-based registration and image-based registration. In the former approaches, geometric features, like points, lines and planes, are used. For the purpose of forestry applications, Hilker et al. [17] set up bright reference targets as tie-points. Liang et al. [18] also utilized artificial masks for point cloud registration. Wang [19] proposed a block-to-point fine registration approach, where the point clouds are divided into small blocks, and each block is estimated as a representative point. Besides points, lines are also used for point cloud registration. Jaw and Chuang [20] provided a workflow for multi-scan terrestrial LiDAR data registration using line features. More recently, after a global registration of point clouds, Bucksch and Khoshelham [21] extracted skeletons from tree branches and exploited the matching of these skeletons. Plane features for registration can be found in [22] , where single plane correspondences are used to solve the transformation parameters with some additional assumptions. Stamos and Leordeanu [23] suggested a registration technique with planes and lines extracted from range scans. Zhang et al. [24] fit planes from segmented point clouds and utilized the characteristic of the Rodriguez matrix to establish a mathematical model of registration. In addition, Bae and Lichti [25] evaluated the change of the geometric curvature and the approximate normal vector of the local surface, which are then used for the registration of two partially overlapping point clouds. Geometric curvature and the normal vector of points can also be found in some approaches [26] [27] [28] .
Spectrum information (e.g., intensity and RGB values), as a common by-product during the scanning process, provides additional information for point cloud registration [29] . Al-Manasir and Fraser [30] obtained digital images using a camera mounted on a terrestrial laser scanner and used scale-invariant feature transform (SIFT) to solve the transformation relationship with the co-planarity model. Instead of SIFT features, speeded-up robust features (SURF) were extracted in [29] , which were later used to solve the transformation parameters with a linear transformation technique. Not only camera images, but also reflectance images are good supplementary information for point cloud registration. Based on an algorithm for the least squares matching of overlapping 3D surfaces, Akca [31] provided an extension algorithm that can simultaneously match surface geometry and its attribute information. Reflectance images were also used to help the registration of terrestrial LiDAR data in many associated research works [32] [33] [34] .
Registration of Airborne LiDAR Strips
In the strip registration process of airborne LiDAR data, geometric features are often used. Schenk et al. [35] described two mathematical models to find the optimal transformation parameters, in which the first model minimizes the remaining difference along the Z-axis and the second model minimizes the distance between points to patches. Maas [36] presented a formulation of least squares matching based on a triangulated irregular network (TIN), which can effectively avoid the degrading effects caused by interpolation. Based on surfaces from photogrammetric procedures, Bretar et al. [37] proposed a methodology for the adjustment problem of the airborne laser scanner strip, in which aerial images over the same area are needed. Lee et al. [38] employed lines to measure and adjust the discrepancies between overlapping LiDAR data strips, in which TINs are created for the segmentation of points and line equations are determined from the intersection of neighboring planar patches. Habib et al. [39] presented three alternative methodologies for the internal quality control of parallel LiDAR strips using pseudo-conjugate points, conjugate areal and linear features and point-to-patch correspondence, respectively.
Considering the characteristic disparity of the point cloud from a terrestrial platform or airborne platform, the registration task usually works in two steps: rough registration and fine registration. In the process of fine registration, the iterative closest point (ICP) algorithm presented in [40] is used most widely, in which an iterative estimation of transformation parameters between two overlapping point clouds is conducted to converge to a local minimum. Variants of ICP were then proposed [41] [42] [43] [44] . In spite of the improvement, in general, ICP demands good initial alignments of point clouds for the convergence of the local minimum.
Review of the Registration of Airborne and Terrestrial LiDAR Data
Research on the registration of point cloud data concentrates primarily on the registration of data from the same platform, particularly for the registration of multi-scan terrestrial LiDAR. Consequently, detailed information regarding the registration of point cloud data from different platforms is lacking. Among the existing studies, many researchers have conducted the registration of airborne and terrestrial LiDAR data with the aid of auxiliary data, such as GPS and remotely-sensed images, by directly utilizing the geographic coordinates of terrestrial LiDAR data as control points [11, 45] .
The use of feature primitives, such as points, lines and planes, is another important method for the registration of two-platform LiDAR data; however, few previous studies have investigated this or related subjects. Line primitives were used in [46] to register airborne and terrestrial LiDAR data. One three-dimensional sphere with a specific radius was constructed for each LiDAR point; then, LiDAR points along building contours were determined based on the points inside the sphere. The angles of the contours were analyzed, after which, rotation and translation matrices were calculated through a random test-selection strategy. The use of line primitives provides a feasible way for the registration of point cloud data; however, in many complex situations, the registration result may not be sufficiently stable, limited by the completeness and accuracy of the extracted line features. Jaw and Chuang [15] constructed a multi-feature conversion model for the integrated utilization of point, line and plane features to lead to automatic registration. Bang et al. [1] calibrated the airborne LiDAR system using terrestrial LiDAR data as the reference data. In this process, point and plane features were utilized to conduct an initial registration; subsequently, precise registration was conducted using the ICP algorithm. The combination of these two methods allowed the integrated utilization of multiple features for the registration of airborne and terrestrial point clouds. However, there has been little study of the extraction of feature primitives, a process that is directly related to the final result of registration. In fact, the quality and geometric accuracy of extracted features also varies greatly, owing to the disparity between airborne and terrestrial point cloud data. Therefore, the effective extraction of accurate features and the appropriate use of these features in high-quality registration have yet to be achieved.
Method
Extraction of Building Corners from Airborne and Terrestrial LiDAR Data
Airborne LiDAR data provide abundant top information of building roofs, from which reliable building contours can be derived for the extraction of airborne corners ( Figure 1a) . Here, building contours are extracted using a reverse iterative mathematical morphological method (RIMM) proposed in [47] . The hierarchical least squares fitting method proposed in [48] is used for the regularization of the extracted building contours. Thus, the 2D building contours have been extracted from the airborne LiDAR data.
The shiftable leading point method is based on the premise that the geometric accuracy of terrestrial corners extracted from terrestrial LiDAR data is much better than that of airborne corners. Therefore, the method of the extraction of these terrestrial corners is important to ensure their quality and geometric accuracy. The method proposed in [49] is used to extract building corners (Figure 1b ) from terrestrial LiDAR data. The terrestrial LiDAR technique obtains abundant facade information from a horizontal view. When these LiDAR points are projected onto the XY plane, the density of point clouds along the walls far exceeds that of the other parts. On this basis, the density of projected points (DoPP) [50] method is adopted to extract 2D building contours from terrestrial LiDAR data. In this method, a reasonable threshold of density for the extraction of building contours is the key to extract buildings. A quantitative estimation method proposed by [49] is used to determine the threshold. The details of the whole technique in this section can be found in [49] .
Through the above operations, the 2D building contours were obtained from airborne and terrestrial LiDAR data. However, building corners with elevation are determined by the intersection of 3D contours. Firstly, 3D building contours are obtained by fitting the adjacent highest points along the corresponding 2D contours. Then, a boundary self-extending algorithm proposed by [49] is used to recover the extracted building contours (both airborne and terrestrial), after which, the contours intersect to form building corners. The average elevation of two intersected 3D contours is set as the elevation of this corner. Finally, the intersection point of two 3D contours is calculated, and the 3D building corners (Figure 1 ) are obtained. In this study, the elevation of ground points is taken as the reference elevation. 
Initial Matching of Terrestrial and Airborne Corners
After the extraction of airborne and terrestrial corners, the initial matching of terrestrial and airborne corners is conducted for conjugate corners. Here, a six-parameter model is used for the registration of airborne and terrestrial corners. In a 3D coordinate transformation, if a coordinate o-xyz is transformed into coordinate O-XYZ then the transformation model is: 
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α, β, γ are the rotation values around axis Z, axis Y and axis X, respectively. x0, y0, z0 are the transition elements along axis X, axis Y and axis Z.
Here, a set of transformation matrices can be produced by just using three points from two datasets of corners, respectively. To obtain the most reliable transformation matrix, a matching technique based on the maximum matching corner pairs with minimum errors, called MTMM, is introduced. The basic idea of this method is that when a fault transformation matrix is provided, few corners can be successfully matched. Therefore, the transformation matrix leading to the maximum matching corner pairs can be regarded as reliable. However, owing to the positioning errors of airborne corners, three randomly selected point pairs from successfully matched pairs may result in different transformation matrices, i.e., there are numerous transformation matrices that can obtain the maximum matching pairs. Here, among the successfully matched corner pairs, the transformation matrix is selected to achieve the minimum error for the matches.
The airborne and terrestrial corners of all buildings in the entire scene are defined as points set A = {Ai, i = 0, 1, 2, …, u} and B = {Bi, i = 0, 1, 2, …, v}, respectively. Then, the initial matching of corners is conducted as follows.
(1) Select three points from point set A and B, respectively; then, compute translation matrix T and rotation matrix R with the six-parameter model. 
Shiftable Leading Point Method for Improvement of the Geometric Accuracy of Registration
As mentioned in the Introduction, the extracted airborne corners are usually of low geometric accuracy and include numerous anomalous corners, as shown in Figure 3a , in which two anomalous corners are seen in region A. When the least squares method is used for the determination of the transformation matrix, the relatively large errors of anomalous corners will be magnified to affect the whole dataset, resulting in a global deviation of the registered data. A usual way to deal with these situations with anomalous data is to utilize the RANSAC algorithm, which searches for inliers to determine the models. However, due to the limited scanning range of terrestrial LiDAR, few corners can be extracted, offering few conjugate features. For example, in our experiment, terrestrial LiDAR data are scanned from nine stations, which cover 250 m × 100 m. Only 16 building corners are extracted and 13 conjugate features are obtained. As the registration accuracy is influenced by the amount, distribution and geometric accuracy of conjugate features. When faced with few conjugate features, it is not fit to filter the features for the inliers, e.g., the RANSAC algorithm, which may do great harm to the distribution of original features. In Figure 3b , if the RANSAC algorithm is used, point d will be recognized as an outlier and not be used for the registration. When only points a, b and c are used for the registration, as they are locally and densely distributed, the transformation matrix may fit the local area around points a, b and c well; nevertheless, when the distance from this local area increases, the registration error will be enlarged. When the distance reaches a certain degree, the error caused with distance increasing will be larger than that of point d. Actually, the differences between the errors of corners are extremely small compared with the distances between corners. In this way, in spite of the relatively large deviation of point d, it can offer its contribution to the registration.
In this paper, a shiftable leading point method is proposed. As shown in Figure 4a -d is terrestrial corners; A, B, C and D are airborne corners, among which, D is an anomalous corner. After the least squares method for the registration matrix, the registration result is shown in Figure 4b . As we can see, an obvious deviation is seen between D and d, with small deviations between the other conjugate points. It is easy to know that due to the large deviation of the anomalous point, its deviation is also allocated to other points, resulting in an increase in global deviation. To address this problem, a usual way is to abandon this point pair; nevertheless, in some situations, this point can also contribute to the registration as before. In our method, leading points are generated from airborne corners as A', B', C' and D' in Figure 4c . As for the leading point with the largest error (D' in Figure 4c) , it is shifted to its corresponding terrestrial corner, as shown in Figure 4d . Note that during this procedure, only one leading point is shifted, and the airborne corners are unchanged. After that, A', B', C' and D' are used to register with a, b, c, and d, and the result is shown in Figure 4e . Then, the registration matrix from the leading points and terrestrial corners is used to transform airborne corners and airborne LiDAR points, as shown in Figure 4f . In Figure 4f , A, B and C match much better with a, b, and c than in Figure 4b . The global deviation caused by the anomalous corner is eliminated effectively. Apart from that, due to the existence of point pair D and D', the overall distribution of point pairs is also retained. The registration error caused by the destroying of the distribution of conjugate features is not seen in this method. Additionally, a criterion is required to halt the iteration process in this method. The registration accuracy of leading points and terrestrial corners is obviously enhanced after the first shifting (Figure 4f ). When leading points with relatively large deviation exist, the global accuracy between conjugate points is always enhanced after iteration, maintaining the continual reduction of errors (Figure 4g ). However, the registration error begins to fluctuate after several iterations. This is intuitive: there are no leading points with obvious deviation, i.e., the position errors of conjugate points are approximately equal, such that the movement of any point could results in inappropriate movement from the correct position to a wrong position. In this situation, the positions of many accurate points may deviate, even if the resulting position error has been diminished to zero by iterations. Accordingly, the total minimum error between conjugate points cannot be applied as the criterion to halt iteration: the iteration processes stop when the overall error of conjugate points starts to fluctuate. Here, a comparison of the overall error of conjugate points is conducted between two consecutive iterations. If the current error is several times larger than the former one, the iteration stops. The threshold here is usually set between 1-1.5 because the fluctuation is usually not very prominent. After the iteration procedure, the final transformation matrix is used to register the airborne and terrestrial LiDAR points. The airborne corners are set as P = {Pi, i = 0, 1, 2, …, n} and the terrestrial corners as U = {Ui, i = 0, 1, 2, …, n}. The shiftable leading point method operates as follows.
(1) Register P and U using the least squares algorithm, and obtain a rotation matrix R and a translation matrix T, with which the airborne corners P are transformed as Q = {Qi, i = 0, 1, 2, …, n} (there is no leading point shift in the first iteration). (2) Calculate the three-dimensional spatial distance between conjugate points among point set P and its corresponding point set U, and obtain a one-dimensional distance matrix D = {D(Ui,Qi), i = 0, (1)- (3) until the iteration stops during Procedure (2). The final transformation matrix is used to register airborne and terrestrial LiDAR points, thus finishing the registration procedure.
Experiment and Analysis
Experimental Data
The campus of Nanjing University, China, which covers an area of about 400 m × 1600 m, is selected as the experimental area. The airborne and terrestrial LiDAR data for this area are presented in Figure 5 
Evaluation of Building Contour and Corner Extraction
Building contours and corners are extracted from airborne LiDAR data using the RIMM and a regularization method. According to the RIMM [47] , the relevant thresholds are set as follows:
The maximum window size threshold (106 m) and minimum window size threshold (6 m) are assigned according to the maximum and minimum of the building sizes in this study, respectively. The height value of this lowest building is taken as the height difference threshold (15 m in this study). For the threshold of step length, it should be set as small as possible, because only a small threshold can eliminate the influences of high-relief terrain in iteration processes. In general, the step length value cannot be larger than the height difference threshold. On the other hand, too intensive iterations would reduce the efficiency of the processes. To keep the balance of the two aspects, the step length threshold is determined as 10 m in this study. The roughness value (1.6 in this study), which is the mean square deviation of the elevations of the points in a rectangle window (with a size of 6 m), is set empirically to separate the building points and tree points. Building contours and corners are obtained from LiDAR data, shown in Figure 6a . In this figure, the black segments are those contours correctly extracted, with the blue ones falsely extracted. The yellow ones are the missing extracted ones. Correctness and completeness are used as two indexes to evaluate the contours, and the formula is as follows:
In the formula, TP refers to the number of correctly extracted contours, FN is the number of missing contours and FP is the number of incorrect contours.
As shown in Table 1 , the correctness and completeness of extracted airborne building contours are 95.2% and 79.8%, respectively. As we can see, the extracted building contours bear high correctness, which can benefit the registration using building contours due to the small noise. As for the extracted contours, 72 corners are finally obtained as shown in Figure 6b . The DoPP method is used to extract building contours and corners from terrestrial LiDAR data [49] . Through the quantitative estimation, the density threshold is estimated to be 389, based on the following parameters: the farthest building from the scanner is 50 m away; the height of the building is 40 m; the height of the equipment is 1.5 m; the minimum horizontal distance is 25 m; and the ratio of window-to-wall is set as 0.5. Figure 6c presents the extracted terrestrial building contours and corners. In this figure, the black segments are those contours correctly extracted and the yellow ones are those missing extracted ones. As shown in Table 1 , the correctness and completeness of terrestrial building contours are 100% and 91.7%, respectively, both of which are quite high. A total of 16 corners are finally extracted from terrestrial building contours.
MTMM is conducted for airborne and terrestrial corners after the extraction of two types of corners, in which the matching distance threshold is set as 5 m. Thirteen pairs of conjugate corners are obtained (Figure 6d ). True building corners are digitized from an orthophoto for the geometric accuracy of conjugate corners, and their elevations are set by averaging the points near the building contours. As shown in Table 2 , the average error, maximum error and RMSE of these airborne corners are 0.91 m, 2.15 m and 1.08 m. The average error, maximum error and RMSE of these terrestrial corners are 0.13 m, 0.19 m and 0.14 m, respectively; this represents much higher geometric accuracy than that of airborne corners. 
Change of Error between Leading and Terrestrial Point Pairs during Iterations
After the matching of airborne and terrestrial corners, leading points are generated from airborne corners, and the shifted leading point method is conducted. To test the effect of the proposed shiftable leading point method, comparative experiments are designed using three approaches: fixed corner (FC, without the shiftable leading point), RANSAC (RC, remove outlier conjugate points) and shiftable corner (SC, with the shiftable leading point).
The distance between conjugate points can be calculated in each iteration of the leading point shift process. Using FC, the geometric errors of leading points and terrestrial corners are shown in Figure 7a , where green circles represent the terrestrial corners after the first iteration, black triangles represent leading points (no leading point shift in this step) and red lines represent error vectors (amplified 10 times). It is clear that the lengths of error vectors vary considerably, and many are extremely long. Table 3 presents a quantitative assessment of the errors, with an average error of 0.93 m, a maximum error of 1.94 m and an RMSE of 1.06 m. The average error between leading points and terrestrial corners using FC still reaches up to 0.93 m, with some values even approaching 2 m; this could lead to unacceptably large errors in the final registration result. Compared with FC, the outlier conjugate points (points in the blue box of Figure 7b ) have been removed in RC. Using RC, the geometric errors of leading points and terrestrial corners are shown in Figure 7b , from which it can be seen that the error vectors are shorter than the error vectors in Figure 7a . However, the lengths of part error vectors are still long, which could lead to some errors in the final registration result. The average error, maximum error and RMSE are 0.61 m, 1.30 m and 0.41 m, respectively (Table 3) .
Using SC, after ten iterations (nine point shifts), geometric position errors between the leading points and terrestrial corners are as shown in Figure 7c , from which it can be seen that the error vectors are shorter and approximately the same length. The average error, maximum error and RMSE are 0.31 m, 0.51 m and 0.34 m, respectively (Table 3) . Compared with the results presented in Figure 7a ,b, the geometric position errors of leading points and terrestrial corners are reduced obviously.
This study calculates the geometric errors of conjugate points from Iterations 1-30 ( Figure 7d ). There is a clear decline in errors during Iterations 1-10, but the error starts to fluctuate and declines slowly from Iteration 10 onward. Therefore, it is correct and feasible that the criterion for halting iteration is determined as the point at which error fluctuation begins to occur. Figure 9 presents an evaluation of the registration result using FC, RC and SC with common sections. Figure 9a illustrates the positions of two sections. Section A is oriented south and north, with section B east and west. Figure 9b -d is the details of section A using FC, RC and SC respectively. Red circles in Figure 9b show the obvious deviation of the walls using FC, while in Figure 9d , no deviation is seen. This shows that the shiftable leading point method can improve the registration accuracy of airborne and terrestrial LiDAR data in the horizontal direction. Meanwhile, the red box near the ground area in Figure 9b shows more serious deviation than that in Figure 9d and similar situations are seen in Figure 9e -g. A conclusion can be drawn as the shiftable leading point method can also improve the registration of airborne and terrestrial LiDAR data in the vertical direction.
Evaluation of Geometric
Evaluation with Common Sections
(e) (f) (g) Figure 9 . Evaluation with common sections. (a) Positions of the sections; (b) section A by using FC; (c) section A by using RC; (d) section A by using SC; (e) section B by using FC; (f) section B by using RC; (g) section B by using SC.
Quantitative Analysis using Common Building Contours
An evaluation is conducted using 2D building contour lines, which are extracted manually from registered airborne and terrestrial LiDAR. Figure 10a -c illustrates the registration results for the digitized conjugate contour lines, in which the green and red lines represent building contours derived from airborne and terrestrial LiDAR data, respectively. A comparison of these figures indicates that the overlaying situation of the common building contours varies depending on whether the proposed method is used. It is clear that the distances between conjugate contour lines in Figure 10a ,b are larger than those of Figure 10c , particular in A, B and C.
The transect distance and angles between conjugate contour lines are calculated to conduct a quantitative assessment of these registration results. The method for calculating transect distance is illustrated in Figure 10d . One contour is taken as a baseline, and lines perpendicular to this baseline are constructed at a specified interval; the distance between the baseline and corresponding contour is the transect distance. The average transect distance between two conjugate contours is the distance between two contours. The average distance, maximum distance and RMSE calculated using FC are 0.81 m, 1.73 m and 0.95 m, respectively (Table 4) ; those calculated using RC are 0.49 m, 0.96 m and 0.38 m, respectively; those calculated using SC are 0.31 m, 0.89 m and 0.37 m, respectively. Meanwhile, the average angle error, maximum error and RMSE calculated using FC are 0.75°, 2.80° and 0.95°, respectively; those calculated using SC are 0.71°, 1.89° and 0.60°; those calculated using SC are 0.44°, 1.30° and 0.53°. Errors in both the transect distance and angle are effectively reduced. 
Quantitative Analysis using Common Ground Points
As the evaluation with 2D building contours is just done for the horizontal accuracy, a further evaluation for the vertical accuracy is done with common ground points. Twenty five sample points are randomly selected in their common ground region to compare the height difference between the interpolation results of airborne and terrestrial LiDAR data. As shown in Table 5 , the average distance, max distance and RMSE of the sample points using FC are 0.51 m, 0.82 m and 0.56 m, respectively; those calculated using RC are 0.43 m, 0.62 m and 0.38 m; those calculated using SC are 0.26 m, 0.46 m and 0.30 m. The distances between the common ground points are reduced effectively. Thus, the proposed shiftable leading point method can effectively advance the registration accuracy of terrestrial and airborne LiDAR data. 
Conclusions
A new approach based on a shiftable leading point method is proposed for improving the registration of airborne and terrestrial LiDAR data. The following conclusions are reached based on the experiment and analysis. The DoPP method with quantitative threshold estimation can effectively extract building corners with high geometric accuracy. The shiftable leading point method can effectively modify the leading points with relatively large errors, in which the iterative strategy ensures the correctness of point moving without disrupting the stability of points. Iteration that terminates according to the fluctuation of geometric error between leading points and terrestrial corners can ensure the global accuracy of conjugate points and control the computation amount to the greatest extent. The proposed shiftable leading point method, which effectively addresses the impact caused by the uneven distribution of terrestrial corners, can lead to high accuracy in the registration of airborne and terrestrial LiDAR data. However, if the terrestrial building corners are sufficient and distributed uniformly in the registration region, the proposed shiftable points method would have almost the same effect as the RANSAC-type methods (e.g., removing of poor matching corners).
In addition, this study has certain limitations. Firstly, this method has difficulty dealing with non-urban regions, which contain almost no geometric buildings. Besides, it is still difficult to achieve ideal results for the registration of those buildings with eaves. If the buildings have eaves, there is a deviation between the building contours extracted from the airborne and terrestrial LiDAR data. The deviation is determined by the size of the building eaves. As a result, few corresponding corners can be extracted, and the registration result is not ideal. Therefore, we will perform a further study on eaves by using the center point of the building convex hull or other auxiliary data.
